Head lice prevalence varies greatly between and within countries, and more knowledge is needed to approach causes of this variation. In the present study, we investigated head lice prevalence among elementary school students and their households in relation to individual and household characteristics as well as spatial variables. The investigation included households from 5 geographically separated municipalities. Present infestations among household members as well as previous infestations in the household were reported in a questionnaire. In elementary school students prevalence was low (1·63%), but more than one-third of the households (36·43%) had previously experienced pediculosis. Prevalence was higher in elementary school students than in other household members, and highest in third-grade children. Prevalence was also influenced by the school attended, which suggested that interactions between children in the same school are important for head lice transmission. Previous occurrence of head lice in homes also increased the risk of present infestation. Prevalence of previous infestations was higher in households with more children and in more densely populated municipalities, indicating that the density of hosts or groups of hosts influences transmission rates. These results demonstrate that information of hosts' spatial distribution as well as household and individual characteristics is needed to better understand head lice population dynamics.
Head lice (Pediculus capitis De Geer) are obligate, blood-feeding human ectoparasites. They are connected to human hosts during all life stages (Gratz, 1997; Heukelbach, 2010) with physical head-to-head contact as the main route of transmission (Canyon et al. 2002; Mumcuoglu et al. 2009; Heukelbach, 2010) . Head lice are widespread throughout the world, with prevalence varying across countries from less than 1% to well above 50% (Falagas et al. 2008) . The cause of this variation may be due to several factors including the number of head-to-head contacts, diagnostic techniques, eradication methods, pesticide resistance, knowledge regarding head lice and perception of pediculosis as a health problem.
The spatiotemporal distribution of hosts is also likely to influence the prevalence of head lice. Theoretically, prevalence of a macroparasite infestation will increase with rising host density due to the increased probability of parasite transmission (Krasnov et al. 2002; Altizer et al. 2003; Stanko et al. 2006) . Only a few empirical studies have investigated this prediction, and their results are divergent (Sorci et al. 1997; Arneberg et al. 1998; Krasnov et al. 2002; Stanko et al. 2002 Stanko et al. , 2006 Mbora and Mcpeek, 2009) . Head lice may also be considered as a species living on discrete habitat patches represented by groups of closely interacting human hosts. Metapopulation theory (e.g. Hanski and Thomas, 1994; Hanski, 1999) implies that isolated and small habitat patches consisting of few human hosts should have lower head lice prevalence than less isolated and large patches with many hosts, due to higher extinction and lower colonization and re-colonization rates in the former scenario.
More studies are needed to approach the importance of spatial variables in head lice population dynamics. The aim of the present study was to investigate the importance of spatial distribution of human hosts in combination with individual and household characteristics on head lice prevalence. To achieve this purpose, data on present prevalence in elementary school students and previous prevalence among their households were collected from 5 Norwegian municipalities with different human population densities.
M A T E R I A L S A N D M E T H O D S

Study area
The study was carried out in 5 Norwegian municipalities (Fig. 1) . Oslo had the largest number of inhabitants (Statistics Norway, 2008) , most elementary schools (Pedlex Norsk Skoleinformasjon, 2010) and the largest area of urban settlement (Norwegian Mapping Authority, 2010) (Table 1) . Urban settlement area is defined by Statistics Norway as a hub of buildings inhabited by at least 200 persons where the distances between buildings do not exceed 50 metres. The average number of students in elementary schools in Oslo, Bergen, Trondheim, Bodø and Tromsø was 410, 320, 320, 220 and 170, respectively (Pedlex Norsk Skoleinformasjon, 2010) .
Participation
Households were asked to participate in the study from a total of 42 elementary schools (first through seventh grade, age 5-12) representing 16 367 students. Nine schools were located in Oslo, 11 in Bergen, 9 in Trondheim, 5 in Bodø and 8 in Tromsø. All schools were situated in urban settlement areas and had more than 180 students.
Sampling process
Each child at the schools received an envelope from the teacher addressed to the parents/care takers. Inside the envelope was a white plastic lice comb, a questionnaire and a lice information brochure. The households were asked to examine each of their members with the lice comb and answer the questionnaire.
The presence or absence of head lice, age/grade (elementary school) and sex were reported for each household member. The questionnaire also contained questions regarding previous infestations of head lice in the household and total number of household members.
The presence of head lice was defined as finding living lice on a person's head, which is a more accurate sign of active pediculosis than the presence of nits (Burgess, 1995 (Burgess, , 2009 Mumcuoglu et al. 2007; Heukelbach, 2010) . To standardize search methods and improve detection rates, all participants received written instructions, both in the covering letter and information brochure, on how to detect head lice with the enclosed comb. One questionnaire per household was returned through the school in an anonymous envelope.
Statistical analyses
Multivariate, mixed-effect logistic regression models were constructed to investigate the importance of different predictor variables on present prevalence (proportion of infected hosts (Margolis et al. 1982) ) among elementary school children and previous prevalence (proportion of households where at least one of its members had a previous infection) among their households. To account for the fact that study units from the same subpopulations or school could be more similar than those from other schools, the school was included as a random-effect variable in each analysis. Because some questionnaires were incomplete, the number of study objects (N ) differs between the analyses. Statistical analyses were performed using Stata software version 11 (StataCorp LP, 2009 ).
Ethical approval
The Data Inspectorate and Regional Committees for Medical and Health Research Ethics in Norway approved the ethical aspects of the investigation. The study was considered anonymous, as each person was only identified by age, grade (elementary school) and sex.
R E S U LT S
Participation
A total of 6203 households submitted the questionnaire, and among these, 20 981 persons were examined for head lice (Table 2 ). Regarding elementary school children (first to seventh grade), 8145 of 16 367 invited participants were examined for an overall participation rate of 49·76%. The number of students examined was highest in the third grade (1267 students) and lowest in the seventh grade (1054 students), with an average of 1164 per grade. The proportion of participating students ranged from 28·53% to 74·86% across different schools and from 45·57% to 56·33% across different municipalities.
Present prevalence of head lice
Prevalence among all household members. Among all examined household members, only 0·97% (N = 20 981) had an active infestation. The prevalence among elementary school students was 1·63%, significantly higher than in other age groups (Table 3) . The prevalence at different schools ranged from 0 to 7·14%.
Which elementary school children have head lice?
The multivariate model demonstrated that children in the third grade had significantly higher risk of pediculosis than students in other grades (Table 4) . Additionally, children were 3 times more likely to have head lice if their household had previously experienced pediculosis. Elementary school children from households with 2 children had nearly significantly lower probability of pediculosis compared to those with 1 child. The total number of household members, number of adults in a household, number of students per school, sex and municipality had no significant effect on prevalence in this analysis. School, included as random-effect variable, significantly improved the multivariate model (estimate: 0·653, P < 0·001), which indicates that school on its own was an important factor explaining head lice prevalence.
Previous prevalence of head lice
Previous prevalence in households. A total of 36·43% of the participating households (N = 6026) had previously experienced head lice infestation. The highest proportion was in Bergen (45·19%) and the lowest in Bodø (22·39%). Of the households with previous experience of head lice, 62·36% had been infested once, 25·88% had been infested twice, 7·89% three times and 3·85% four times or more (Fig. 2) . Previous prevalence of head lice in households ranged from 15·38% to 59·38% (average: 35·54%) across schools. Bodø and Tromsø. The presence of more children in a household increased the risk of previous pediculosis, whereas the total number of household members, number of adults in a household and number of students per school had no significant effect. Again, school included as random-effect variable improved the multivariate model significantly (estimate: 0·292, P < 0·001) indicating that school on its own was an important risk factor for households having experienced head lice.
Influence of child age on previous household pediculosis. To investigate whether the age of elementary school children was important for previous experience of pediculosis in a household, 2 different analyses were performed. First, one-child households (households with only 1 person under 18 years of age) were analysed separately. The multivariate model (Table 6 ) with school as a random-effect variable (estimate: 0·361, P = 0·018) demonstrated that households with a child in third grade had a higher risk of previous pediculosis compared to those with a first-or second-grade child (P = 0·060). Households with a child in fourth to seventh grade did not differ in risk of pediculosis. Hence, the largest difference in previous pediculosis was between households with a child in second and third grade. Households with a girl student had significantly higher previous prevalence of head lice than households with a boy. The second analysis was based on households without children in junior high school or members aged 16-20 years. The grade of the oldest elementary school child in a household was included as a predictor variable in the multivariate model (Table 7) with school as a random-effect variable (estimate: 0·347, P < 0·001). Similar to the analysis of one-child households, the largest change in previous pediculosis was between households where the oldest child was in second or third grade. The increase between grades in each of the first five grades was significant, while differences between fifth, sixth and seventh grade were small and not significant.
D I S C U S S I O N
This study investigates the present prevalence of head lice among primary school children and other age groups and the previous prevalence among their households. Both approaches demonstrated that the risk of contracting head lice was influenced by school attended, and significant differences in prevalence of previous infestations were observed across municipalities. Furthermore, the risk of pediculosis increased with the number of children in a household and was highest for children in the third grade. Analyses also showed that present prevalence was higher in elementary school children than in younger and older persons, and that households with only a girl student had a higher prevalence of previous infestation than households with only a boy student.
Spatial habitat structure in municipalities, schools and households
As head lice are in close contact with their host during all life stages, the species differs from many other ectoparasites that spend longer periods away from their host such as fleas, sand flies and ticks (Krasnov et al. 2002) . For head lice, persons with close social interactions can be viewed as discrete, hierarchical nested habitat patches on different spatial scales. A patch can comprise just one host or a group of hosts defined by households, friends, class, grade, school, closely spaced schools in a municipality or whole municipalities. To investigate population dynamics properly and reduce the risk of interpretational errors in this type of hierarchical habitat system, more than one spatial scale should be considered (Wiens, 1989; Rukke and Midtgaard, 1998) .
Schools and municipalities.
Although the distribution of habitat patches over time and space probably influences the population dynamics of head lice, such spatiotemporal distribution of persons has rarely been used to explain the prevalence patterns of pediculosis. Previous studies have mainly focused on individual characteristics like sex, hair type and age. However, Willems et al. (2005) found that clustering of students into classes and schools was more important than single-student characteristics. The present study shows a similar tendency regarding clustering of students into schools: including school as a random effect variable was highly significant in analyses of both present and previous head lice prevalence. The clustering of students into classes was also found to be important for prevalence in an Australian study (Speare and Buettner, 1999) . In the present study, the more densely populated municipalities (Oslo and Bergen), whether measured by the number of schools, school size, inhabitant density or urban settlement area, had higher previous prevalence than the less densely populated municipalities (Tromsø and Bodø). This is in accordance with parasitological predictions of increased transmission rates in denser host populations (Arneberg et al. 1998; Krasnov et al. 2002; Stanko et al. 2006 ). An alternative explanation of such a pattern follows metapopulation theory (e.g. Hanski and Thomas, 1994; Hanski, 1999) which predicts that larger, less isolated assemblages of hosts have higher parasite prevalence than smaller, more isolated assemblages.
In addition to this, more densely populated municipalities may have a larger number of inhabitants travelling abroad to areas with higher prevalence, which might increase influx of new head lice into the system compared to less densely inhabited areas. More densely populated municipalities are also likely to contain a higher number of persons not receiving appropriate treatment for head lice and repeatedly infesting others. These individuals may be regarded as permanent sources in a source-sink system (Pulliam, 1988) .
Household size. Habitat patch size also seems important at the household level, as several studies have found that risk of pediculosis increased with the number of household members (Willems et al. 2005; Balcioglu et al. 2007; Motovali-Emami et al. 2008; Soultana et al. 2009 ). In the present study we found that the risk of pediculosis increased with the number of children in a household rather than with total household members. As elementary school children have a higher incidence of head lice than other age groups, this finding is unsurprising. Mossong et al. (2008) found that the number of daily contacts with other persons is higher for members of large households compared to small households. Households with many children in elementary school are likely to have higher total contact rates than those with few children, increasing the risk of bringing head lice to the household. Once an infestation is established, the likelihood of head lice extinction may also be reduced in a household with many children as more individuals suffer simultaneously from pediculosis.
Interestingly, children in one-child households had significantly higher risk of pediculosis than children in families with 2 elementary school children. Possibly, children without siblings interact more with children from other households due to a lack of playmates at home, leading to increased overall contact rates and risk of pediculosis.
Re-colonization. The present study indicates that re-colonization, or re-infestation, occurs frequently. Elementary school children had a higher risk of pediculosis if their household had experienced pediculosis previously, and more than one-third of the households with previous infestations had experienced head lice more than once. Re-colonization is not unexpected if a child is part of a group of interacting children in which simultaneously detecting and eradicating head lice are difficult. An infestation can persist for a long time if inspection and treatment are not synchronized (Ibarra et al. 2009 ).
Influence of age, school grade and sex
The higher prevalence of head lice in elementary school children than in other age groups is in accordance with other studies (Burgess, 1995; Roberts, 2002; Leung et al. 2005) . Changes in social interactions with age can be an important element explaining such a pattern. Mossong et al. (2008) found that contact rates were higher among school children compared to other age groups in all European countries investigated. Also, school children tended to mix more with persons of the same age, and contacts at a school or home were more intimate than at a work place.
In the present study, the infestation rates also changed through the grades of elementary school. The largest increase in risk of pediculosis was observed from second to third grade, and the overall risk increased to the fifth grade before leveling off. Older children may have established their social relations to a greater extent, interacting with fewer students which lead to reduced head-to-head contact. In addition, 60% of first-to fourth-grade children in Norway participate in day care facilities both before and after school (Ministry of Local Government and Regional Developement, 2010), further increasing the number of interactions among younger compared to older students.
Households with a girl had a higher risk of pediculosis than households with a boy. This is in accordance with other studies, which have shown higher prevalence in girls than boys (e.g. Counahan et al. 2004; Catala et al. 2005; Willems et al. 2005; Motovali-Emami et al. 2008; Toloza et al. 2009 ). Social interactions may again explain these differences (Heukelbach, 2010) , as contacts between boys are assumed to be more brief than for girls, who have more prolonged and closer head contacts (Burgess, 1995; Speare and Buettner, 1999) .
Limitations of the study
If the number of participants in a study is low, a selection bias may affect results (e.g. Eaker et al. 1998) . About 50% of the invited elementary school students participated in this study, which is approximately the same, or somewhat higher, than other head lice studies based on caretaker feedback (Counahan et al. 2004 (Counahan et al. , 2007 Soultana et al. 2009 ). However, we cannot rule out the possibility that our results may not represent the total population.
The method of self-checking household members for head lice might be criticized as an inaccurate method of pediculosis detection. However, of 42 plastic bags with suspected head lice returned from households in the present study, 36 included head lice and 3 included embryonated eggs, whereas 3 included only empty eggs (Rukke et al., unpublished observations) . Additionally, although a more precise detection method could have resulted in higher prevalence figures, the relative differences between different categories of each variable were unlikely to vary, and the main conclusions from the present study would therefore have been preserved.
The statistical tests regarding previous prevalence among households have greater statistical power than those of present prevalence due to the higher number of reported infestations. However, as a retrospective investigation, the former has more inherent uncertainty than the latter due to the time lag between responses and the predictors investigated. Nevertheless, the overall results achieved by the two approaches support each other, which strengthen the conclusions.
Conclusions
Present pediculosis among household members in this study was below 1%, but more than one-third of households had suffered previously from pediculosis. Thus, head lice infestations may be regarded as a significant community health problem among Norwegian households with elementary school children. The results further indicate that personal characteristics such as age and sex as well as the density of hosts at several spatial scales influence head lice prevalence. To increase our knowledge of head lice population dynamics, more empirical studies focusing on the spatial distribution of hosts at multiple scales are necessary, as well as the development of epidemiological models such as that developed by Stone et al. (2008) . A better understanding of population dynamics and epidemiology will facilitate public guidelines to oppose pediculosis.
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